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Abstract. In order to better understand the interesting magnetic behaviour found in the Rare 
Earth-transition metal/(spacer)/transition metal multilayers, a multilayer of 
Co/[Si/Gd0.36Co0.64/Si/Co]4/glass was studied by SQUID magnetic measurements and polarized 
neutron reflectivity. A model for the magnetic profile of the sample was proposed, which fitted 
well the polarized neutron reflectivity measurements at different magnetic states: 
ferrimagnetic/antiparallel state, under an applied field of 55 Oe, canted states (315 and 675 Oe) 
and saturation state (1700 Oe). It was found that even at the expected collinear states 
(ferrimagnet and saturation states), the magnetization was not totally collinear and there was a 
small component of the magnetization perpendicular to the applied field    
1.  Introduction 
Magnetic rare earth/transition metal (RE/TM) multilayers have been a subject of considerable interest 
in recent years. Their specific features are the antiferromagnetic exchange coupling between RE and 
TM layers, and a wide variety of magnetic configurations created by temperature and field. The 
magnetic state of the multilayers corresponds to aligned and twisted phases at low fields and high 
fields respectively [1]. For practical applications, replacing the RE element by a RE-TM alloy is a 
clear advantage, with higher Curie point Tc, far above RT [2]. On the other hand, RE/TM structures 
containing non-magnetic spacers between magnetic layers have not been studied in as much detail 
although interesting peculiarities have been found for such systems, as, e.g., decrease of the strength of 
the coupling between magnetic layers with the increase of spacer thickness [3-4], spin-glass-like 
behaviour of the magnetization in low fields [5].   
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Polarized Neutron Reflectivity, PNR, is a powerful depth-resolved technique to determine the 
magnetization profiles of magnetic multilayers. However, in the case of RE/TM and Re-TM/TM 
multilayers, there are several works studying Fe/Gd multilayers [6-8], but only a few works by J.A. 
Gonzalez et al [9] on GdCo/Co multilayers exist, focusing on the creation of an interfacial region in 
Gd0.63Co0.37/Co not existing in the Gd0.40Co0.60 one. In this work we study a sample with a non-
magnetic spacer between the GdCo and Co layers so as to determine its magnetic profile in the 
collinear and twisted states. 
2.  Experimental 
The samples were deposited onto glass substrates at room temperature (RT) using three-target RF 
sputtering. A mosaic target of composition Gd0.36Co0.64 was used for preparation of the Gd–Co layer. 
The background pressure was 10
-7
 mbar and the deposition was performed in Ar atmosphere with a 
partial pressure of 2·10
-4
 mbar. The studied multilayer is 
glass(substrate)/[Co(7)/Si(0.8)/GdCo(12)/Si(0.8)]4/Co(7) (thickness in nm). A magnetic field of 100 
Oe was applied during deposition in order to induce magnetic anisotropy in-plane of the film.  
The magnetic hysteresis loops were measured using a SQUID magnetometer (Quantum Design 
MPMS®) at RT with applied fields of up to 70 kOe. The surface root-mean-square roughness of the 
sample was measured by atomic force microscopy and its value, fairly low indicating the quality of the 
sample, is 1 ± 0.2 nm.   
The PNR measurements were obtained at the CRISP reflectometer (ISIS spallation source, RAL-
STFC) at RT and different magnetic fields. The neutrons were polarized by a supermirror in a 
direction traverse to the beam and parallel to the magnetic field axis and to the film surface. The spin-
dependent reflectivities (R
+
, R
−
) were collected in this specular condition as a function of neutron 
wavelength for a corresponding momentum transfer (qz) in the range 0.008 Å
-1
 to 0.12 Å
-1
. The 
symbols + and − refer to the polarisation of incident neutrons relative to the applied field; parallel (+) 
and antiparallel (−).In a few cases we also carried out polarisation analysis (P.A.) of the reflected 
beam, that is, measured R
++
, R
+ −
, R
− +
, and R
− −
. The first symbol refers to the state of incident 
neutrons whereas the second refers to the state of reflected neutrons. The reflectivity values were 
normalized to total reflection. The fit of the PNR data was performed using POLLY software 
(developed by S. Langridge et al. (ISIS, RAL-STFC) based on [10]). 
3.  Results and discussion  
 Because of the negative Gd–Co and positive Co–Co exchange interaction near the interface, the total 
magnetic moments of Gd–Co and Co layers are antiparallel (Figure 1), i.e., these multilayers form a 
macroscopic ferrimagnet. In low fields, the magnetizations of Co and Gd–Co layers are anti-aligned 
along the direction of the applied field. If the field is higher than the critical field H
*
 the moments of 
both the Co and Gd–Co layers deviate from the field direction (Fig. 1), which leads to the appearance 
of different slopes on the hysteresis loops. Hence, at the critical field H
*
 SQUID hysteresis curves 
show a „„kink‟‟. H* is considered to give an estimate of the exchange coupling strength. Figure 1 
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Figure 1. Magnetic hysteresis loop measured at RT. 
The vertical arrows indicate the points where the 
PNR measurements were taken. 
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shows the hysteresis loop, where the commented “kink” can be observed at about 100 Oe (indicated 
by H
*
 in the graph). At H
*
 the twisted state begins, and in fact two regions with different slope (and 
likely different canted structure) are found thereafter [11]. Measurements with fields up to 7 T do not 
show any further feature. In Figure 1 the points which have been studied by PNR are indicated by 
vertical arrows, corresponding to the ferromagnetic state (55 Oe, anti-parallel moments), canted states 
(315 Oe and 675 Oe, in the 2 regions with different slopes) and saturation state (1700 Oe, parallel 
moments). 
 In Figure 2 are shown two of the PNR spectra of the sample, with their corresponding fits. In the 
inset of Figure 2 (a) is shown a detail of P.A. at that field and around the Bragg peak, where a 
distinctive spin-flip reflectivity (R
+ −
/R
− +
) is found. This pinpoints that the magnetization is not 
completely parallel or antiparallel to the applied field [7], in contrast to what was previously 
anticipated. Hence, in the fit of the other PNR data, we also include the angle θ of the magnetization as 
one of the fitting parameters.  
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Figure 2. Experimental (points) and fitted (lines) PNR spectra at RT measured under an applied field 
of 1700 Oe (a) and 315 Oe (b). Inset in (a): detail of P.A. measurement around the first Bragg peak, 
evidencing the existence of spin-flip. 
 
The magnetization profile of the sample was analyzed by fitting the experimental reflectivities, 
taking into account the magnetic measurements. In that sense, the possible fitting parameters (for each 
layer) are the scattering length b, the nuclear density N, the magnetic moment, the angle of the 
magnetization (in the plane of the sample), the thickness, the roughness and the absorption. Initially 
we used the nominal thickness of the layers and determined b and N from tabulated values. We also 
added a layer of Co oxide on top of the sample. Absorption of neutrons is expected only in the GdCo 
and glass layers (due to Gd and B respectively). The preliminary fits matched the data fairly well 
around the Bragg peaks, showing that the nominal thickness values were quite close to the actual ones. 
For simplicity‟s sake, and taking into account what was found in the P.A. data, we fitted the data by 
fixing the densities and magnetization obtained in the preliminary fits of the extremes of the series of 
measurements (i.e., at 55 and 1700 Oe), and then allowed the angle of the magnetization of the layers 
to change. The results are shown in Table 1. 
The fit results show a small difference in the magnetization and density from bulk values and the 
measured moment of the film by the SQUID.  This is typical for thin film systems and the values are 
within experimental error.  The evolution of the angles with the applied field agrees well with the 
proposed magnetic model in similar multilayers [11], with the main difference of the non-collinear 
state at low and high fields. In the case of the measurement at 55 Oe, the angle of the GdCo layer 
magnetization is 126 degrees, far from the antiparallel case. This is most likely due to the fact that 
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magnetic moment of each layer behaves not entirely like one. Hence, a more complicated magnetic 
structure inside the GdCo layer is required. Therefore a more complete study using PNR with P.A. so 
as to determine the full magnetic structure would be beneficial and we intend to do it in the future.     
 
  
 
 
 
 
 
 
 
 
 
4.  Conclusions 
A multilayer of Co/[Si/Gd0.36Co0.64/Si/Co]4/glass was studied by SQUID magnetic measurements and 
polarized neutron reflectivity. A simple model for the magnetic profile of the sample was proposed 
and this model fits well the polarized neutron reflectivity measurements at the different magnetic 
states. The fit results show a small difference in the magnetization and density from bulk values and 
the measured moment of the film by the SQUID, but these were within experimental error.  Finally, it 
was found that even at the magnetic fields where collinear states (ferrimagnet and saturation states) are 
expected, the magnetization was not totally collinear and there was a non negligible component of the 
magnetization perpendicular to the applied field.    
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Table 1. Main results obtained from the fits of the PNR spectra for the magnetic layers. 
Layer Thickness 
(nm) 
Moment 
(μB) 
θ (deg) 
55 Oe 315 Oe 675 Oe 1700 Oe
Co 6.0 1.55 7 16 16 11 
GdCo
a 
12.0 0.55 126 70 33 8 
Co
a
 6.5 1.55 4 17 16 4 
a
 Repeated bilayer (4 times) 
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